ABSTRACT The intensity value recorded by terrestrial laser scanning (TLS) systems is significantly influenced by incidence angles. Most existing models focus on the diffuse reflection of rough surfaces and ignore the specular reflection, despite that both reflections simultaneously exist in all natural surfaces. At large incidence angles, specular reflection can be neglected. However, laser detectors can receive a portion of specular reflection at small incidence angles. Specular reflection can lead to additional increase in the original intensity data and even highlight phenomenon on scanned targets, especially those with a relatively smooth or highly reflective surface. In this paper, a new empirical method is proposed to correct the intensities of highlight regions caused by the specular reflection. The intensity from the specular reflection is obtained by subtracting the intensity caused by diffuse reflection and instrumental effects from the original intensity. The proposed method is tested and validated on different targets scanned by Faro Focus 3D 120. Results imply that the proposed method can effectively eliminate the highlight phenomenon in TLS for 3-D point cloud representation by intensity and intensity image interpretation.
I. INTRODUCTION
In addition to 3D coordinates, terrestrial laser scanning (TLS) systems simultaneously measure the power of the backscattered laser signal of each scanned point and record it as an intensity value. The intensity value is associated with the surface radiation features of a scanned object and is increasingly used in various studies. During one campaign period, the instrumental properties are kept constant and atmospheric attenuation can be ignored; as such, the intensity data recorded by the same TLS sensor are predominantly influenced by target reflectance, distance, and incidence angle [1] . All influencing factors unrelated to the characteristics of the scanned surface should be corrected to utilize the intensity for further applications [2] .
The incidence angle is the angle between the direction of light beam propagation and surface orientation. In contrast to the distance effect that mainly depends on instrumental properties, the incidence angle effect is an object property, which is theoretically related to target scattering properties and surface structure. The interpretation of incidence angle effect in terms of target surface properties is a complicated task.
Lambert's cosine law can deliver a satisfactory estimation of light absorption and scattering modeling for rough surfaces in both active and near-infrared spectral domains across a broad range of incidence angles, even when the surface cannot be approximated as Lambertian [3] . Lambert's cosine law is therefore widely used in existing applications, regardless of discrepancies in the surface characteristics of various targets. Several reflection models are used to optimize the Lambertian reflection model, including the extended Lambertian reflection [4] , Phong [4] , [5] , Lommel-Seeliger [6] , Oren-Nayar [2] , and Torrance-Sparrow models [7] to improve the correction accuracy of the incidence angle effect. These models can accurately correct the incidence angle effect for rough and matte surfaces.
Theoretically, both diffuse and specular reflections exist in natural surfaces. The type of reflection influences the direction and strength of backscattered light [8] . For targets with a relatively smooth or glossy surface (e.g., metal and plastic), where specular reflection is dominant, the highlight phenomenon may appear in the intensity data. Highlights are detrimental for 3-D visualization of the point cloud and further applications (e.g., classification and segmentation) based on intensity. In contrast to existing methods that mainly focus on diffuse reflection of rough surfaces, a novel method that considers diffuse and specular reflections, as well as the instrumental effects, is proposed to correct the incidence angle effect and eliminate the highlight phenomenon in this study. The objectives and contributions of this study are as follows:
1) to provide a short review of recent work on the correction of the incidence angle effect of TLS intensity data;
2) to explore the mechanism of the highlight phenomenon in TLS intensity;
3) to introduce an empirical method to eliminate the highlight phenomenon caused by specular reflection.
The rest of the study is organized as follows. The proposed method is illustrated in detail in Section II. Section III outlines the experiments. Section IV presents the results and discussion. The conclusions are provided in Section V.
II. METHODOLOGY A. SPECULAR REFLECTION AND HIGHLIGHT PHENOMENON
TLS sensors emit laser pulses, illuminate the target surface, and record the returned laser pulse signals backscattered from the object. Backscattered light is significantly influenced by the surface scattering characteristics. If the scanned target is an ideal Lambertian reflector, pure diffused reflection occurs, and the entire surface reflects laser shots by Lambert's cosine law so that the incident ray is uniformly reflected to a hemisphere [ Fig. 1(a) ]. The luminance observed from a Lambertian surface is directly proportional to the cosine of the angle between the observer's viewing direction and the normal surface. The received luminance is proportional to the cosine of the incidence angle θ because light paths from the emitter and the detector coincide in TLS [8] . When a ray of light strikes a plane mirror (i.e., ideal specular reflector), the incident ray reflects off the mirror [ Fig. 1(b) ]. According to the law of reflection, the incidence and reflection angles are equal and are symmetrically distributed on both sides of the normal surface. For a generally smooth surface constituted by multiple micro-facets with different orientations, specular reflections are distributed in the surroundings of the direction of reflection angle (Fig. 2) . When the viewpoint is within the vicinity of the direction of the reflection angle, strong specular reflection light can be received by the observer. On the contrary, specular light will be weak or even disappear when the viewpoint deviates from the direction of reflection angle. Specular reflection depends not only on the intensity of the incident light and surface properties of the target but also related to the viewing direction.
Absolute specular and diffuse reflections do not exist. Both types of reflections are essentially intertwined, but their extent varies. For natural targets, the total reflection is a combination of diffuse and specular reflections [5] , [9] . At large incidence angles, the laser receiver cannot receive specular reflection even if it exists in all natural targets [ Fig. 2(a) ]. Only diffuse reflection reaches the receiver. However, at small incidence angles close to zero, the received luminance includes a portion of the specular reflection [ Fig. 2(b) ], which strengthens the original intensity. If specular reflection is dominant over diffuse reflection, then specular highlights are formed on the scanned targets. Compared with regions with large incidence angles where only diffuse reflection can be received, regions with small incidence angles close to zero are brighter in the intensity image.
In the studies of [4] and [5] , the Phong model was adopted to simulate the spatial distribution of specular reflection. However, estimating the accurate parameters of the Phong model is complicated. A previous study [4] reported that the correction results of the Phong model are worse for all sample regions than that of the Lambertian model, except for the forest, i.e., the Phong model is invalid.
B. PHYSICAL BACKGROUND OF TLS INTENSITY
In TLS, the original intensity, I, is mainly influenced by the target reflectance ρ, incidence angle θ , and distance R. The intensity can be written as [10] :
where f 1 (ρ), f 2 (cosθ ), and f 3 (R) are a function of reflectance, cosine of incidence angle, and distance, respectively. The distance and incidence angle effects are independent of each other and can be corrected individually. The corrected intensity I c that is merely related to the target reflectance can be expressed as:
where θ s and R s are reference incidence angle and distance, respectively. Distance independent intensity I d and incidence angle independent intensity I a are expressed as:
The irregular TLS distance effect does not completely follow the theoretical inverse square range function from the radar range equation [11] , [12] . Empirically, the distance effect is satisfactorily corrected by a polynomial equation [11] or by using reference targets [1] . In this study, the original intensity is corrected by polynomial method [i.e., f 3 (R) = N 3 i=0 β i R i , where β i and N 3 are parameters] to obtain the distance independent intensity I d and avoid the influence of the distance effect. I d only depends on reflectance and incidence angles.
C. PROPOSED METHOD
Previous studies [1] , [10] indicated that even for pure Lambertian targets, Lambert's cosine law cannot be applied to correct the incidence angle effect because some unknown instrumental effects may be mixed with the incidence angle effect for some scanner systems. For natural surfaces, the incidence angle effect is a combination of diffuse reflection, instrumental effects, and specular reflection. Thus, distance corrected intensity I d can be expressed as:
where I diffuse , I instrument , and I specular are intensity values caused by the effects of diffuse reflection, instrumental properties, and specular reflection, respectively; K 0 is related to target reflectance. The diffuse reflection of a natural target is the same as that of a Lambertian target. Instrumental effects do not depend on target characteristics and are the same for all targets. Therefore, the former two parts of the right side of Eq. (4) can be modeled using a reference Lambertian target. In our previous study [10] , a polynomial equation was used to approximate the total effects of diffuse reflection and instrumental properties. Thus, Eq. (4) can be written as:
where α i and N 2 are parameters that can be estimated by some Lambertian targets. Specular reflection should be considered only at small incidence angles. At large incidence angles, the effect of specular reflection on intensity is subtle and can be ignored. Specular reflection depends on object surface smoothness and material and differs significantly among different targets. Consequently, I specular should be determined individually. Generally, highlight phenomenon only exists at small incidence angles close to zero. More specular reflections will be received at smaller incidence angles, i.e., received specular reflection decreases with the increase of the incidence angle. There approximately exists a linear relationship between the received specular reflection and incidence angle. I specular can be approximated as:
where K 1 (K 1 < 0) and K 2 are two coefficients related to surface smoothness and material. θ T is the threshold of incidence angle and depends on surface smoothness and material. Specular reflection should only be considered when the incidence angle is smaller than θ T . Datasets with both small incidence angles close to zero and large incidence angles (generally larger than 45 • ) should be sampled to estimate parameters K 1 , K 2 , and θ T for a certain target. First, parameter K 0 can be determined by using the dataset with large incidence angle. Theoretical intensity values at all incidence angles from 0 • to 90 • can be calculated based on the polynomial if specular reflection does not exist. I specular can be estimated by comparing the theoretical intensity with the distance independent intensity I d at a certain incidence angle as shown by Eq. (7).
Theoretically, if specular reflection does not exist, I specular should be considerably close to zero. T 0 is set as the threshold. If I specular begins to be larger than T 0 at a certain incidence angle θ i and I specular continues to increase with the decrease of incidence angle, then θ T = θ i . Finally, K 1 and K 2 can be estimated by least square adjustments and can be applied to all highlight regions on this target. The overall correction method is:
The surface normal is estimated by the best-fitting plane to a neighborhood of points surrounding the point of interest, and then the cosine of the incidence angle can be calculated by vectors of the incident radiation and surface normal. 
III. EXPERIMENTS
Experiments on a door in a room were designed to validate the proposed method. The door, with a size of approximately 2 m×1.4 m, is wooden and painted dark brown (Fig. 3 ). Experiments were conducted under indoor conditions through the use of Faro Focus 3D 120, which is a terrestrial laser scanner of continuous 905 nm wave and delivers geometric information and return intensity values recorded in 11 bits [0 2048]. During the scanning period, all lights in the room were turned off and all curtains were pulled down to create a dark environment, avoiding unnecessary errors from ambient light and sunlight although the intensity is insensitive to ambient light. Scan quality and resolution were set to 4 and 1/4, respectively. The scanner was placed at a distance of approximately 3 m to the door plane and moved from left to right for a total of four scans. In our previous study [9] , [10] , the polynomial parameters of f 2 (cos θ) and f 3 (R) were calculated (Table I) . In this study, θ s and R s were 0 • and 5 m, respectively.
IV. RESULTS AND DISCUSSION
The original intensity images of the four scans created by the standard software Faro SCENE are shown in Fig. 4 . Scans 2 and 3 present a significant bright region (highlights) on the door because the incident ray is practically perpendicular and the incidence angles of the bright regions are close to zero. On the contrary, Scans 1 and 4 do not have apparent highlight regions. A segment of the point cloud (red dotted rectangles) of the door was sampled from each scan. The values of distance-corrected intensity I d of these four small sampled regions with respect to the incidence angle are shown in Fig. 5 . As predicted, the intensity changes slightly with respect to the incidence angle, which is relatively large for Regions I and IV. By contrast, the intensity decreases significantly with increasing incidence angles for Regions II and III because the incidence angles are close to zero, and strong specular reflection exists in these two regions. Data of the door with incidence angles from 0 • to 76 • were sampled to estimate specular reflection. The mean intensity value for 0.5 • bin sizes, as shown in Fig. 6(a) , was used for the analysis. First, the data with incidence angles larger than 45 • was used to estimate K 0 . K 0 was estimated as 484.86. Then, by comparing polynomial values (red line in Fig. 6(a) ) and distance independent intensities, differences began to exceed 
T 0 (T 0 = 50) when the incidence angle reached 15 • , and differences continued to increase when the incidence angle was approaching 0 • . Therefore, θ T = 15 • . The differences between the distance corrected intensity and the polynomial from 0 • to 15 • are shown in Fig. 6(b) . By conducting least squares adjustments, K 1 and K 2 were estimated as −917.34 and 242.10, respectively. however, it may be influenced by the numerical scale. As a reference incidence angle and a reference distance are set to make the corrected intensity value comparable with the original intensity value in numerical scale, standard deviation is appropriate for dispersion comparison of two intensity data sets. Standard deviations of the intensity data in Figs. (7) and (8) are listed in Table II . The proposed method with the optimal value of θ T possesses the smallest standard deviation.
Highlight is a widespread phenomenon in TLS. To better validate the proposed method, the scanner was used to acquire the data of a plastic curtain and a building façade decorated with small square ceramic tiles, as shown in Fig. 9 . The parameters of these two surfaces were estimated, as shown in Table III . The point clouds in the red-dotted rectangles in Fig. 9 were sampled. Correction results are shown in Fig. (10) . Polynomial method was still invalid for these two surfaces. The proposed method with optimal parameters can effectively correct the intensity of the highlight regions, as shown in Figs. 10(c) and 10(g). Door parameters were also used to correct the intensity of the two targets, as shown in Figs. 10(d) and 10(h). As expected, parameters for the door are inappropriate for the curtain and building. This result proves that parameters of the proposed method need to be individually estimated for different targets.
V. CONCLUSIONS
Highlight is a widespread phenomenon in man-made or indoor environments in TLS scenarios. This study presents a new method to eliminate the highlight phenomenon in TLS intensity data, which provides a significant method for applications based on TLS intensity (e.g. point cloud visualization, building modeling, and archeology). By considering the effects of diffuse reflection, instrumental properties, and specular reflection, the incidence angle effect of highlight regions can be accurately corrected. The defect of the proposed method is that a subtle edge effect in the intensity data may exist after the correction because of the discontinuous intensity values around the incidence angle threshold θ T . Further study should be conducted to smoothen the leap and optimize the proposed method. KUNBO 
